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lonization cooling is the preferred method for transverse cooling of a muon beam in a neutrino factory. In this paper, we
design two different cooling channels, a DFOFO channel and an alternating solenoid channel, and show that the transverse
beam emittance through these cooling channels is cooled down by a factor of 7.7 and 6.5, respectively. The cooling channel
design has been carried out by invoking the ICOOL program. Transmission efficiency, transverse beam emittance, growth of
longitudinal bunch length, and momentum spread are investigated. It is shown that these two cooling channels provide adequate
cooling performance, satisfying the so-called Palmer, Johnson and Keil (PJK) parameter for a neutrino factory. It is also shown
that the numerical results agree well with those of analytical formulae.
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1. Introduction and VLg, smallg, (i.e., strong focusing) and a material with

A challenge in the design of a neutrino factory is the coolhigh L (i.e., a low-Z absorber) should be considered in order
ing of a muon beam. When muons are produced from a targé, maximize the cooling.
they occupy a large phase-space area. A successful design oAlthough the theory of ionization cooling is well under-
a neutrino factory therefore requires that the transverse engtood and useful in designing a muon-cooling system, one
tance of the muon beam after the capture, phase rotation, amgeds to carry out extensive numerical studies in a large pa-
buncher channels be sufficiently reduced so that the musameter space for the design of cooling channels. In particu-
beam can be accelerated efficiently in downstream sectioat, a cooling system in a neutrino factory requires many suc-
Furthermore, fast cooling is required because of the relativetessive stages of energy loss and re-acceleration by rf cavities,
short lifetime of the muon beam. The lifetime of a muon isvhich makes analytical calculation difficult.
given byt, = 2.197 x 10 °E,/m, seconds wheré&, is Several numerical codes have been written to investigate
the energy andn,, is the rest mass of a muon. A coolingthe cooling process. Among them, the ICC®land the
method that can meet such a requirement is ionization codPGean programs have been widely used and they use
ing.2™ In ionization cooling, particles pass through a mateMonte-Carlo techniques to track particles through a cooling
rial medium and lose energy through ionization interactionsystem. To obtain strong focusing of a beam in absorber mate-
The losses are parallel to particle motion and therefore bothals, several lattice configurations have been considered by a
transverse and longitudinal momenta are lost. Only longitisumber of groups. The Lawrence Berkeley National Labora-
dinal momentum is then restored by acceleration through téry (LBNL) group designed a sinusoidal focusing field cool-
cavities. This results in a reduction of the angular spread @fg channel (FOF0) using the ICOGL? The Brookhaven
a beam, and therefore leads to a decrease in the transvedsgional Laboratory (BNL) group designed a cooling chan-
beam emittance. However, the random process of multipteel with bucked coils also using the ICOOL (super FOFD).
Coulomb scattering in material medium leads to an adverd#ée Fermi National Accelerator Laboratory (FNAL) group
effect, namely the rms beam emittance increases. When designed single and double flip channels using the DPGeant
absorber material is placed in a strong focusing field, the heatrogram® 1% In addition to these cooling channels, a biperi-

ing can be minimized. odic configuration of the FOFO lattice (DFOF0) and an alter-
The equation for the normalized transverse emittande  nating solenoid channel have also been designed for a neu-
given by? trino factory'?~'4) These groups mainly considered focusing
de; 1 dE, e 1 B, E2 by solenoids, that is, focusing by longitudinal magnetic fields
= —_— (1) By(2). The solenoidal focusing has an advantage of focus-

dz p? dz E,  pP2E,m,C’Lr ing equally in both transverse planes. Solenoids can focus
where z is the path lengthE, is the muon beam energy, the beam to yield smalB, at absorber materials, with the
B = v/c, Lr is the radiation length of the absorber materialabsorbers placed inside the magnet, allowing the use of ex-
B.1 is the betatron function, anBs is the characteristic scat- tended absorber lengths.
tering energy which is approximately 13.6 MeV. The normal- |n this paper, we consider two other cooling channels, a
ized emittance, is related to the conventional unnormalizedDFOFO channel and an alternating solenoid channel. The code
geometric emittance by e, = €.y, wherey is the con- |COOL is mainly employed for cooling calculation. In the
ventional relativistic factor. In eq. (1), the first term describesCOOL, energy loss is modeled by the Vavilov distribution
the cooling and the second term represents the heating dugdaction and multiple scattering is modeled by the Moliere
multiple scattering. As the emittance approaches an equililistribution. We compare results of the ICOOL simulation
rium value, the cooling term is balanced by the heating dugith the analytical method by Kim and Warg.Engineering
to multiple scattering. Since the heating is proportiona# to constraint in the design of the cooling channels is also investi-

gated by considering realistic physical parameters. Results of
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these simulations may provide guidelines for optimal coolinthe neutrino factory) A conservative rule of thumb (based
systems. Recently, it was shown by front-end simulations @ keeping the hoop stress within manageable limits) for
LBNL and FNAL groups that a huge normalized longitudinakolenoids built from an N¥Sn superconductor is given by
emittance of about 70 mm was obtained after buncher chaB-JR < 350 MPa, whereB is the field at the coil,] the area
nels?) Such a large longitudinal emittance requires accelecurrent density, an® the radius of solenoid from theaxis.
ation section with large acceptance that itself requires higbheets are used to generate magnetic fields. An appropriate
cost or a longitudinal cooling system. On the other hand, iaterval between sheets is considered for a power supply from
design study of all the components of a neutrino factory bilystron. Radius, length, height and current density of sheets
Palmer, Johnson and Keil (PJ®)requires that the cooling are set to generate appropriate magnetic fields.
system result in normalized transverse and longitudinal emit- The space between absorber materials is filled with rf cav-
tances of about 1500 mm mrad and 30 mm, respectively. Oities to compensate for beam energy loss in absorber materi-
goal is thus focused to obtain cooling systems that meet tla¢s. The cavity length is chosen to provide sufficient acceler-
requirements set by the PJK design. ation to match the energy loss in the LH. We take the pill-box
In this paper a DFOFO channel and an alternating coolinlype of the TM010 mode, withr /2 phase-advance per cell,
channel are considered for the transverse cooling of a neeguipped with thin beryllium windows of 126m thickness
trino factory. First, we describe a feature of the designeand five cells per each rf section in the simulation. It is also
DFOFO0 cooling channel. Then the cooling performance is dealuable to investigate different types of rf frequencies for
scribed by showing variations of transverse and longitudingthe design of various cooling channels. Rf frequenciigs (
emittances through the designed DFOFO cooling channel. Th&250 MHz and 201.25 MHz are used for the DFOFO chan-
result of the numerical calculation is compared with that ofiel and the alternating solenoid channel, respectively, and an
the analytical formulae. Next, an alternating solenoid-cooling gradient of 15MV/m is used for both cooling channels.
channel is described. Description of the cooling performancgmaller rf gradients may be used if larger rf phase angles are

then follows. considered. However, large rf phase angles increase nonlin-
ear behaviors of the beam, resulting in more particle losses.
2. Description of Cooling Channel Total power deposited on an rf window is proportional to the

In general, a cooling channel consists of a series of idenfeurth power of the radius of the rf window. The radius of rf
cal cells. The length of each cell is chosen to avoid betatrosindow is critical to the particle losses when the rf window
and synchro-betatron resonances. These resonances can Véithl a small radius is located at the position with large beta
to large particle loss when the betatron wavelength equdisnction.
the period of the magnetic field or the synchrotron-oscillation While the transverse emittances are cooled down through
wavelength. the cooling channel, the longitudinal emittance of a beam is

When cooling channels are designed, many different coimcreased due to straggling and path-length variations. We
ditions have to be simultaneously satisfied to be an acceptalttherefore use the six-dimensional normalized emittasge (
cooling channel. First, we use liquid hydrogen (LH) as an al&s a figure of merit for evaluating the validity of the overall
sorber material since it provides the lowest possible transverdesign. When a cooling channel leads to increasing the value
emittance. The thickness of the absorber window is a critf €5, we terminate the cooling channel.
cal parameter. It must be thick enough to sustain the pressure
from the LH and as thin as possible to reduce multiple scatte3- DFOFO Cooling Channel
ing. The thickness and the radius of the LH absorber and theAs can be seen in the design of a FOFO cooling chahfel,
LH window affect particle losses in the transverse directiomparticle losses in the transverse direction mainly occurred at
A thicker LH absorber yields more particle loss and thereforthe midpoint of rf cavities where beta function was a maxi-
it requires a larger rf gradient or a longer channel length penum. This requires a large radius of the rf window to reduce
cell. However, thick LH absorber makes it possible to use #he number of particles lost, but this leads to a large power
thin LH window which can reduce multiple scattering. In ourdeposited on the rf window. In order to reduce patrticle loss in
designed cooling channel, a relatively thick LH absorber ithe transverse direction, we have reconfigured the FOFO lat-
considered. The LH is assumed to be contained in a vessigle in such a way that the period of FOFO magnetic fields is
with very thin windows on both ends. The length of the LH isdoubled. One cell geometry of our designed cooling channel
chosen so that the increasefn near the ends of the vesselis shown in Fig. 1. The minimum values of magnetic fiéd
is not significant. For modeling purposes, the cell is chosawccur at the midpoint of the rf cavities and absorbers. Figure 2
to begin at the center of the absorber region. The total nurehows the magnetic field in one cell of the DFOFO cooling
ber of cells in the cooling channel is determined by the totalhannel. The lattice is periodic and solenoidal magnetic field
ionization loss and the rf phase at which the muon beam $nusoidally varies on axis with a 1.8 m period and 3.8 T am-
accelerated. An appropriate gap between the LH window amditude on thez-axis. The beta function in the DFOFO chan-
the rf cavity is considered for rf assembly and maintenancenel is a minimum at the midpoint of rf cavities and therefore

We also use high field solenoids for focusing since thelarge acceptance channels can be obtained. Figure 3 shows
provide a large angular acceptance as well as simultanedbe variation of beam sizes{) in one cell. We note that the
strong focusing of a beam in both transverse directions. Ebeam size has a minimum at the midpoint of the rf cavities
gineering feasibility in magnets is investigated by considesso that particle loss at the position of the rf window can be
ing such parameters as magnetic field, current density, aretluced.
stress on the conductor. Our design follows the engineer-
ing constraint that is shown in a feasibility study report of
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Fig. 2. Magneticfield (B;) in one cell of the DFOFO cooling channel.
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Fig. 3. Beamsize oy (cm) in one cell of the DFOFO cooling channel.

3.1 Input beam

The initial beam distribution before entering the cooling
channel is generated by a random Gaussian with 12000 mm
mrad transverse and 12 mm longitudinal emittances. A beam
with a longitudina momentum of P, = 212MeV/c with an
rms momentum spread of 13.2% is used. The properties of
theinitial beam used in the simulation are shown in Table .

3.2 Parameters of the DFOFO cooling channel
The designed DFOFO cooling system is composed of three
stage channel sthat have different thickness of aluminum win-
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Table 1. Initial and final beam parametersin the 180 m DFOFO channel.
Unit Initial  Final  Final/lnitial
Number of particles tracked 1000 721 0.72
Normalized transverse emit- mmmrad 12212 1669 0.13
tance (enx)
Normalized longitudina emit- mm 117 233 2
tance (enz)
Normalized 6-D emittance (mrad)® 253 914 0024
(x1078)
Rms bunch length (o) cm 92cm 12cm 0.13
Rms beam size (o) cm 4.4 16 0.36
Rms momentum spread % 132 197 15
Table II. Parameters of designed cooling channels.
DFOFO channel Alternating channel
Rf frequency 250 MHz 201.25MHz
Rf gradient 15MV/m 15MV/m
Cell length 1.8m 22m
Magnetic field on the z-axis 3.8T 34T
Total channel length 180m 160m
Minimum beta function 35cm 20cm
Maximum beta function 70cm 110cm
LH length/cell 21.4cm/24cm/24.4cm  30cm
LH window thickness 650 1m/400 .m/300 um 400 m
LH window radius 20cm/16cm/9cm 25cm
Be window thickness 125 um 125 um
Be window radius 19cm/15cm/13cm 20cm

Table I1l.  Parameters of solenoid.
DFOFO channel  Alternating channel

Length 55¢cm 55¢cm
Height 15cm 15cm
Current density (J) 80 A/mm2 58 A/mm?
Radius (R) 62.5cm 80.5cm
Magnetic field on solenoid (B)  6.7T 6T
BJR 335MPa 280 MPa

dow on both sides of the LH: first stage channel has 28 cells
with window thickness of 650 um, second stage channel has
25 cells with window thickness of 400 um, and third stage
channd has 47 cells with window thickness of 300 um. The
length of each cell of the cooling channel is 1.8 m. Major pa-
rameters of the DFOFO cooling channel are shown in Table .
For the 3.8T DFOFO, the relevant valuesare B = 7.7T at
the coil, J = 80 A/mm?, and R = 0.625m, giving BJR =
335MPa. The parametersfor the solenoid in the DFOFO cool-
ing channel are shownin Table lll.

3.3 Cooling performance

In the designed DFOFO cooling channel, the transverse
emittance in both x and y planes is found to be reduced
to 13% of itsinitial value, while the longitudina emittance
grows by a factor of two. The overall six-dimensional emit-
tance is reduced to 3.6% of itsinitia value. Figure 4 shows
the decrease in transverse normalized emittance as a function
of the distance along the channel, while Fig. 5 shows the in-
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Fig. 5. Longitudinal emittance (mm) as a function of distance along the
DFOFO cooling channel.

Table 1V. PJK cooling parameters for a neutrino factory.

Unit Initial Final Final/Initial

Normalized transverse emittance mmmrad 9000 1500 0.17
(enx)

Normalized longitudina emittance mm 15 30 2
(enz)

Rms bunch length (o) cm 9 12 133
Rms momentum spread AP,/ P, % 8 12 15

crease in longitudinal normalized emittance in the channels.
The cooling channel shows a particle transmission of 72%.
Table | also shows the final beam parameters of rms beam
size oy, rms bunch length o, and rms longitudinal momentum
spread. The PIJK cooling parameters for the neutrino factory
areshownin Table V.

3.4 Comparison with analytical result

The simulation result by ICOOL is aso compared with the
result of the analytical method.*® The analytical formula for
the reduction of the transverse rms beam emittance is given

E.-S. KiMm and M. YOON
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Fig. 6. One cell of the alternating solenoid cooling channel. In this case,
the magnetic field of the adjacent cell has a mirror symmetric configura-
tion.

by
e*(—(z)
€(2) = [+ L°+ D (2]
2 @
e—5+(z)
+ - L°+ D7 (2),
where
’+(2) =/0 dzn()[1 £ «(2)B(2)] 3)
D*(2) = / dze? B(2)E (2). (4)
0

In the above equation, n is the scaled parameter specifying
the energy loss per unit length in the absorber material, and
&(2) isthe angular excitation due to the stochastic kick aris-
ing from multiple scattering. The parameters €, 8, and L°
areinitial transverse emittance, betatron function and angular
momentum, respectively. They are explicitly given by

1 dE 1dp
= = — — 5
g psv dz p; dz ©)
13.6MeVv\? 1
£ = (7) , ©®)
pv Lrag

where L is the radiation length of the material. For the
designed DFOFO cooling channel, eg. (2) is plotted together
with the simulation result by ICOOL in Fig. 4. It is seen that
they are in good agreement.

4. Alternating Solenoid Cooling Channel

As another option for the cooling structure of the neutrino
factory, an alternating solenoid cooling channel is also con-
sidered. In thischannel, alattice of solenoids with alternating
direction is used to achieve the required focusing. Figure 6
shows the configuration of the alternating solenoid cooling
channel with a cell length of 2.2m. The cooling channel
with 201.25MHz rf cavities has a maximum magnetic field
of 3.4T on the longitudinal axisand 6 T on the solenoid with
acurrent density of 58 A/mm?. The minimum betafunctionis
20cm and the maximum beta function is 110cm. The mag-
netic field peaks with a magnitude of 3.4 T near the center
of the absorbers. The field falls to zero and alternates in di-
rection at the center of the rf cavities. Figure 7 shows the
magnetic field (B,) in one cell of aternating solenoid along
the longitudinal axis. The maximum and minimum values of
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Fig. 7. Magnetic field (B;) in one cell of the alternating cooling channel.
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Fig. 8. Beamsize oy (cm) in one cell of the alternating cooling channel.

magnetic field B, occur near the midpoint of absorber and rf
cavities, respectively. In the alternating channel, the maxi-
mum value of the beta function occurs at the midpoint of the
rf cavities. The minimum value occurs near the midpoint of
absorbers. Accordingly, more particles are lost than in the
DFOFO cooling channel. The reason is that particle loss is
mainly generated at the position of the rf window where the
beam sizeislarge. In Fig. 8, the beam size (o) isshown asa
function of the distance in one cooling cell.

4.1 Input beam

The initial beam distribution is generated by a random
Gaussian with 11000 mm-mrad transverse and 16 mm longi-
tudinal emittances. A beam with a longitudinal momentum
of P, = 214MeV/c with an rms momentum spread of 9% is
used. The properties of theinitial beam used in the simulation
areshownin Tablel.

4.2 Parameters of the alternating solenoid cooling channel

The designed cooling channels have 73 cells with 34T
magnetic field B,. Cell length of all cooling channelsis2.2m.
The parameters of the alternating cooling channel are shown
in Table|. For the 3.4 T aternating solenoid channel, the rel-
evant values are B = 6T at the coil, J = 58 A/mm?, and
R = 0.805, giving BJR = 280MPa. The parameters of
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Fig. 10. Longitudina emittance (mm) as a function of distance along the
alternating cooling channel.

Table V. Initial and final beam parameters in 160 m alternating solenoid

channel.

Unit Initial  Fina  Final/lInitial

Particles tracked 1000 515 051
Normalized transverse emit- mmmrad 10227 1585 0.15
tance (enx)
Normalized longitudina emit- mm 16 30 1.87
tance (enz)
Normalized 6-D emittance (mrad)® 197 27 0.13
(x1078)
Rms bunch length (o) cm 10.2 144 14
Rms beam size (ox) cm 39 11 0.28
Rms  momentum  spread % 9 25 2.7
AP;/P;

the solenoid in the alternating cooling channel are shown in
Tablelll.

4.3 Cooling performance

The transverse emittance in both the x and y planesisre-
duced to 15% of itsinitial value, while the longitudinal emit-
tance grows by a factor of two. The overall normalized six-
dimensional emittance is reduced to 13% of its initial value.
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Figure 9 shows the decrease in normalized transverse emit-
tance as afunction of the distance along the channel. It shows
that transverse emittance decreases to 1585 mm mrad. Figure
10 showstheincreasein normalized longitudinal emittancein
the channel. Table V aso shows the final beam parameters of
rms beam size oy, rms bunch length o, and rms longitudinal
momentum spread.
4.3.1 Comparison with analytical result

The simulation result by ICOOL is compared with that of
the analytical method. The results show good agreements, as
described in Fig. 9.

5. Conclusion

In this paper, we have shown two ionization cooling chan-
nels based on different design principles. A DFOFO channel
and an alternating solenoid cooling channels are designed and
their cooling performance is calculated with the help of the
ICOOL program. It is shown that cooling parameters of the
PJK design for the neutrino factory can be achieved by these
cooling channels. The purpose of our study is to obtain effi-
cient transverse cooling channel sthat satisfy engineering con-
straint. Detailed simulation studies have been performed to
obtain the optimal parameters for each cooling channel. This
study will be valuable in selecting the best design based on
cooling performance, engineering constraint and cost. It is
also shown that the simulation results agree well with those

E.-S. KiMm and M. YOON

of analytical method. The DFOFO cooling channel shows less
particle loss than the alternating channel.
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